In this paper, we discuss the characterization and fabrication of two nanophotonic materials for the infrared region by using IL-realizing a negative refractive index material and enhancing transmission through annular metallic coaxial aperture arrays.
I. INTRODUCTION
Interferometric lithography ͑IL͒ is an ideal technique for the parallel fabrication of large-area periodic patterns at nanometer scales. 1 Compared to other lithography techniques, IL has the optics advantage of parallel fabrication over large areas, resulting high efficiency and low cost. By combining IL with self-aligned semiconductor processing and epitaxial techniques, complicated nanoscale structures can be fabricated for various applications. [1] [2] [3] [4] Recently, the interaction between light and metal films has attracted much attention. In this paper, fabrication of two novel metal based structures which show unconventional optical properties and have great potential applications is discussed.
Negative refractive index material ͑NIM͒ was first studied a long time ago. 5 However, because of the absence of naturally occurring NIM, the full theoretical and experimental study of the implications of NIM was not carried out at the time. The recent demonstration of the first negative-index artificial structure in the microwave region 6 has rekindled interest in this topic. Until now, most of the experimental work has been focused on the microwave region because of the comparative ease of fabrication, and it has been difficult to scaling the microwave structures down to optical frequencies. Recently, several works have extended a resonant negative permeability to the THz domain, 1, 7, 8 however, the demonstration of a negative refractive index material at infrared wavelengths has only very recently occurred. 9 In this paper, we describe the fabrication details of a thin metallic structure that shows a negative refractive index around 2 m. This is among the first demonstrations of a metal-based metamaterial with a negative refraction at near IR wavelengths.
The demonstration of enhanced transmission through subwavelength metallic hole arrays has attracted a lot of attention. 10 The basic mechanism for this phenomenon is generally ascribed to the coupling between the incoming light and surface plasmons, 11 although other mechanisms have been proposed. 12 Much higher transmission can be obtained by replacing the arrays of circular holes with coaxial arrays, as has been theoretically and experimentally demonstrated. 2, 13, 14 By applying IL and self-alignment techniques with standard semiconductor processing steps, largearea annular coaxial metallic arrays with ϳ100-nm coaxial gaps have been uniformly fabricated on a high refractiveindex material. We report the observation of 5ϫ enhanced mid-IR transmission through these sub-wavelength arrays compared with that through the same fractional open-area hole arrays as a result of the complex coaxial unit cell. The ability to control the transmission wavelength combined with significantly enhanced transmission represent a promising pathway toward practical applications.
II. NEAR-IR NEGATIVE INDEX MATERIAL
The schematic and SEM pictures of the structure are shown in Fig. 1 . The structure consists of a pair of metal films separated by a dielectric layer, with a square array of holes penetrating through all of the layers. With the polarization of the incoming light indicated, there are two types of surface currents at the metal films, symmetric and antisymmetric, as shown by the arrows in Fig. 1͑a͒ . The symmetric current produces due to the free electrons in the metal produces the electric field response ͑negative permittivity͒, while the antisymmetric current arising from the magnetic coupling to the structure generates a magnetic response ͑negative permeability͒. The combination of the electrical response and magnetic response leads to negative refraction. Figure 1͑b͒ shows the SEM picture of a similar structure to that in the schematic. It is always easier to fabricate circular rather than square holes, thus, an array of circular holes is made in the multiple films; the SEM picture is shown in Fig. 1͑b͒ .
The process procedures for the fabrication of this structure are detailed here. First, a BK7 glass microscope slide is cleaved into a 2 ϫ 2 cm 2 sample and cleaned. An antireflection coating ͑ARC XHRI-16͒ followed by NR7-500P, a negative tone photoresist are spun onto the sample. A largearea, 838-nm pitch, two-dimensional grating is fabricated by interferometric lithography ͑IL͒ using a 355-nm thirdharmonic YAG laser source. 15 After exposure and development, a 2D array of circular holes with diameter ϳ360 nm are formed in the photoresist, as shown in Fig. 2͑a͒ . Next, an e-beam metal evaporator is used to deposit a thin layer of Ti onto the sample as shown in Fig. 2͑b͒ . A liftoff process is carried out to remove the PR using acetone, resulting in an a͒ Author to whom correspondence should be addressed; electronic mail: brueck@chtm.unm.edu array of circular Ti dots on top of the ARC layer as shown in Fig. 2͑c͒. An O 2 reactive-ion etch-process is then used to etch through the ARC layer, using the Ti dots as etch mask. During the etching, a slight undercut is formed due to a small isotropic component of the mainly anisotropic etching ͓Fig. 2͑d͔͒. Next, three consecutive e-beam evaporations are performed to deposit 30 nm of Au, 60 nm of Al 2 O 3 , and 30 nm of Au onto the sample ͓Fig. 2͑e͔͒. Finally, a fully isotropic, high pressure O 2 plasma etch is done to remove the ARC and the metals on top of it leading to the final structure ͓Fig. 2͑f͔͒.
Both the amplitude and phase information for the film stack transmission and reflectance are required to extract the metamaterial effective refractive index and impedance. 16 However, conventional transmission/reflectance measurements using Fourier Transform Infrared Spectrometer ͑FTIR͒ only measure the amplitude squared. We design a zero path interferometer to extract the phase of the transmission and reflectance by fabricating three different samples. The first one, sample A, consists of a blanket layer of the metamaterials. The second sample, which is used to extract the phase information for transmission, consists of nominally equal width stripes of the composite multilayer patterned structure alternating with open area stripes at a pitch of 16 m ͑sample B͒, as shown in Fig. 3͑a͒ . For the reflection phase measurements ͑sample C͒, the blank areas are replaced with Au reflecting stripes atop the metamaterials at a finer pitch of 4.7 m ͓Fig. 3͑b͔͒. The periods of the sample B and C were chosen so that only the zero-order transmission ͑reflection͒ from the samples is collected. This provides a near zero-path length interferometric measurement of the phase of the transmission ͑reflection͒ coefficient referenced to the blank ͑metal͒ regions.
The transmitted intensity for sample A is T A and the com- of the metamaterial and blank stripes are g 1 and g 2 , respectively, where g 1 + g 2 = 1. The zero order transmission of the phase mask ͑sample B͒ is
͑1͒
T 2 is the transmission at the air-glass interface ͑taken as unity because the spectra are normalized to background measurements for a glass window͒, k 0 =2 / , and D is the thickness of the negative-index material. There is a remaining ambiguity in the sign of the argument of the cosine. Analytically calculating the transmission phase for an unpatterned multilayer structure at long wavelengths beyond the resonance frequency, and comparing it with the experimental result uniquely resolves this ambiguity. For the extraction of the reflectivity phase, T A and T B are replaced with R A and R C in Eq. ͑1͒ and the argument of the cosine by A +2k 0 d-␦, where A is the reflectance phase angle of the negative index material, d is the height difference between the surfaces of the metamaterial and the gold; and ␦ is the optical phase change on reflection from the gold. The transmission spectra of samples A and B are shown in Fig. 4͑a͒ along with rigorous coupled wave analysis ͑RCWA͒ modeling results ͓Fig. 4͑b͔͒ for sample A. The reflectance spectra of samples A and C are shown in Fig. 4͑c͒ and the RCWA modeling for sample A are provided in Fig. 4͑d͒ . For sample A, the sharp structures in the transmittance and reflectance curves at about 1.3 m correspond to the surface plasma wave at the glass:Au interface. The longer wavelength resonance at about 2 m is attributed to the L-C tank circuit resonance described above in connection with the magnetic response. There is a dip in the transmission of sample B around 2 m, which means that there is a significant variation in the phase of the light transmitted through the metamaterial near that wavelength. It is found that the transmission measurements are best fit by the model with a scattering frequency three times that of bulk gold, as shown in Fig. 4͑b͒ .
Using Eq. ͑1͒, the transmission and reflectance phase information is extracted ͑not shown here͒. The measured phase for both transmission and reflectance are in good agreement with the modeling results. Finally, we use the transmission and reflectance amplitude and phase measurements to evaluate the metamaterial refractive index. 17 The results from both measurement and modeling are shown in Figs. 4͑e͒ and 4͑f͒ , respectively. The real parts are negative over a range of wavelengths around 2 m, where the imaginary part undergoes a strong modulation.
In summary, a negative-index metamaterial at 2 m, a wavelength about 10 4 ϫ smaller than previously negativeindex metamaterial reports has been demonstrated. The achievement of negative refractive index materials at near-IR and optical frequencies should lead to increased applications and will allow detailed investigation of the interesting properties of NIM.
III. ENHANCED TRANSMISSION THROUGH ANNULAR METALLIC COAXIAL APERTURE ARRAYS
A self-aligned process is used to fabricate coaxial structures. Figure 5 illustrates the process flow. ͑1͒ The GaAs substrate is first covered with a ϳ400-nm thick blanket sacrificial layer of SiN x by plasma-enhanced chemical-vapor deposition ͑PECVD͒. Next, a 20-nm thick layer of PMMA 950 A2 was applied by spinning, this layer will serve as a sacrificial lift-off dissolution layer in a later processing step. A bottom anti-reflecting coating ͑BARC͒ layer, for i-line lithography was then spun on to minimize reflection of the IL beams from the underlying film stack. Finally, a 500-nm thick positive-tone photoresist ͑Shipley SPR505A͒ was applied. ͑2͒ IL at a wavelength of 355 nm, third harmonic of a YAG: Nd 3+ laser, was used to produce periodic patterns ͑0.72-m pitch for all samples discussed herein͒ in the PR. The angle between the two beams determines the period of the pattern, while the exposure flux, postexposure bake and development parameters control the final pattern line-widths. For these square 2D arrays, a second IL exposure was applied after a 90°rotation of the sample. ͑3͒ A 60-nm thick layer of Cr was deposited on the developed sample. After lift-off, the remaining Cr formed a metal etch-mask on top of the BARC layer. With this robust mask, the pattern was transferred without any change in transverse dimensions through all of the etching processes in steps ͑4͒ and ͑5͒. ͑4͒ An O 2 plasma reactive-ion etch was used to anisotropically etch through the BARC and PMMA layers, followed by anisotropic etching through the SiN x and anisotropic etching into GaAs to generate the locations for the central Au dots of the coaxial array on the substrate surface. ͑5͒ An isotropic etch of the SiN x layer was then performed to generate the undercut that defines the toroidal gaps of the coaxial structures. ͑6͒ A thin Ti layer ͑5 nm͒, used to improve the metal adhesion to the GaAs, and a thicker Au layer ͑50 nm͒ were deposited to form the central coaxial regions. After deposition, a lift-off step using the sacrificial PMMA layer removed the Au everywhere except in the coaxial centers. ͑7͒ Next, deposition and etch-back steps were used to replanarize the surface. A thick layer of photoresist ͑AZ-5214; 1.9-m thick͒ was spun on the sample and etched back to expose the remaining SiN x layer: The same O 2 -plasma recipe for etching the BARC ͓step ͑4͔͒ was used to etch-back the resist and expose the underlying SiN x layer. ͑8͒ The remaining SiN x was removed by selective wet etching with buffered oxide etch ͑BOE͒ 6:1, leaving a PR filler surrounding the center dot and the toroidal gap regions. ͑9͒ Anisotropic etching into GaAs to the same thickness of the center dot. ͑10͒ A second Au-film was deposited to provide the outer webbing and a final PR lift-off provides the completed structure.
SEMs of the final coaxial sample are shown in Fig. 6 . The pitch of the sample is 0.72 m, the outer diameter is 0.569 m, and inter diameter is 0.234 m. A transmission spectrum was recorded using FTIR spectrometer. For the square symmetry of the pattern, the normal incidence transmission is polarization independent. The spectrum was normalized to the transmission of a blank GaAs wafer as shown in Fig. 7 . With a 41% opening area, about 80% of light at a wavelength of 3.3 m was transmitted though this sample with 0.72 m pitch. The structure around 2.7 and 4.2 m on the transmission spectra of the sample and GaAs are instrumental, due to atmospheric CO 2 absorption in the FTIR optical path.
In summary, a high transmission through the array of metallic coaxial apertures on high index GaAs substrate is demonstrated. With a small opening area, this high transmission indicates strong field inside the aperture, which can be used for potential nonlinear applications. 
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